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FOREWORD

This report summarizes the research activities performed under USAF Contract
No. 04(611)-8176, from April 1, 1962, to July 31, 1963. The research was performed
by Battelle Memorial Institute under the auspices of the Air Force Rocket Propulsion
Laboratory, Air Force Flight Test Center, Edwards Air Force Base, with Lt. P.
Olekszyk and Mr. Roy A. Silver serving as project monitors. The principal investi-
gators were J. W. Adam, J. C. Gerdeen, and B. Goobich, Research Engineers; E. C.
Rodabaugh, Senior Research Engineer; W. A. Spraker, Staff Mechanical Engineer; and
T. M. Trainer, Group Director.
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ABSTRACT

The purpose of this program was to develop a family of improved lightweight
mechanical fittings for service with rockets' fluid systems under stringent environ-
mental and operating conditions. The work consisted of (1) a review of the design and
use of present fittings for missiles, (2) a review of candidate materials for the required
operating conditions, (3) the establishment of recommended classifications for improved
fittings, (4) the development of a design procedure for flanged fittings, and the prepara-
tion of typical designs, and (5) the design, fabrication, and laboratory evaluation of a
1/2~inch threaded fitting. Three major conclusions were drawn from this pyram:

(1) the reconnectable union should be either threaded or flanged; (2) the coniiection be~
tween the tube and the fitting should be a permanent joint made independent of the seal
mechanism or the reconnectable union, and(3) a helium~tight disconnectable fitting which
incorporates a yielding radial seal can be achieved in tubing sizes of l-inch diameter
and less.

The following recommendations were made for future work: (1) the comparative
features of the outward-acting and the inward-acting radial seals should be investigated
further, and the performance of the lightweight 1/2-inch threaded fitting made of
René 41 should be evaluated; (2) a line of threaded René 41 fittings — unions, tees, el-
bows, and crosses — should be designed, fabricated, and evaluated; (3) 1/2-inch threaded
fittings of a low-strength material, probably Type 347 stainless steel, should be de-
signed, fabricated, and evaluated; (4) typical threaded fittings should be designed for
two or three other materials and for a few combinations of likely materials; (5) selection
criteria for threaded fittings should be established.
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DEVELOPMENT OF MECHANICAL FITTINGS

INTRODUCTION

The need to develop reliable lightweight mechanical fittings for service with rocket
and missile fluid systems has become important because of the severe problems of vi-
bration, temperature, and chemical activity encountered in the present missiles, Future
requirements will be even more severe and it is estimated that operating temperatures
may be as high as 3000 F. The fittings currently in general use were developed specifi-
cally for use in aircraft hydraulic systems. Although the original designs have been
significantly upgraded, the present fittings have not proven sufficiently reliable and it is
recognized that a new generation of fittings must be developed. To achieve this end, the
Air Force Rocket Propulsion Laboratory initiated a program whose objectives were
(1) to design, develop, and fabricate a family of lightweight mechanical fittings that could
effectively seal helium, and (2) to provide and prepare specifications, drawings, and test
requirements for the fitting in such manner that military standards may be published.

Because no one connector design can satisfy the requirements of the complete
range of temperatures, pressures, and fluids encountered in advanced missile systems,
a basic requirement of this program was to identify and develop families and classes of
fittings. It was also required that the designs considered should be new and unique where
applicable and not restricted to modifications of present designs. This goal was to be

attained through

(1) Use of new and unique concepts

(2) New methods of joining tubing and fittings

(3) Optimum combination of materials

(4) Effective use of manufacturing techniques.

In performing the required research, Battelle has developed new design proce-
dures and new design concepts. The threaded-fitting concept as demonstrated in the
laboratory promises to be a major contribution to the improvement of threaded fittings.

Because of the general interest of the design community, Rocket Propulsion Laboratories
invites the readers and reviewers of this report to make comments and to assist in fur-

ther advancing the state of the art.

SCOPE AND OBJECTIVES OF PHASES I AND II

Phase I was to consist of an investigation of parameters such that classes and
types of fittings could be chosen and preliminary designs could be initiated. The in-
vestigation was to begin with a literature survey of present technology and a materials
review for determination of the most suitable materials.




Investigations were to be made of (a) satisfactory methods of joining tubing and
fittings, (b) forces required to tighten and seal, (c) effects of thread form on torque
relaxation, (d) effect of thread lubricant on sealing, thread galling, and torque relaxa-
tion, (e) the use of computer techniques to evaluate design criteria, and (f) methods to
alleviate or eliminate the chances of human error in the assembly of fittings.

The preliminary design of proposed connectors was to begin concurrently or on
conclusion of these investigations. A stress analysis was to be made of each type of
fitting. Optimum operational service ranges were to be determined showing crossover
points between threaded and flanged fittings. Maximum strength under operational con-
ditions versus minimum weight was to serve as a major criterion.

Phase II was to consist of the detailed design of a representative fitting as estab-
lished in Phase I, and a laboratory evaluation of its performance capabilities. It was
mutually agreed with the project monitor that the laboratory evaluation would be con-
ducted with a 1/2-in. threaded fitting designed for 2000-psi service with temperature
extremes of =320 F and 600 F. The laboratory tests were to determine proof pressure,
tightening allowance, temperature, repeated assembly, and operational capabilities. In
addition, a section on the design of flanged connections was to be prepared for the Fluid
Component Designers' Handbook being completed by Space Technology Laboratories.

REPORT ORGANIZ ATION

The preparation of this report constituted a considerable problem because of the
large quantity of information that was assembled and created and because of the inter-
relation of many of the design areas. The format finally selected is an arrangement of
subjects such that the reader can best understand the proposed concepts, the detailed
designs, and the laboratory evaluation.

The first part, "Determination of Fitting Classes", outlines the requirements
which determined the selection of candidate fitting materials, details the reasons for
selecting the three recommended materials, and describes how the characteristics of
the three selected fitting materials combined with certain operational and handling re-
quirements define the recommended fitting classes. The fitting classificaticns affect
many of the subsequent design decisions.

The next three parts discuss in detail the design thinking on improved mechanical
fittings. Early in Phase I it was concluded that a reconnectable mechanical fitting could
be made to seal helium satisfactorily only if the seal were not a part of the tubing, as is
the case with the present flared and flareless fittings. The reasons for this conclusion
are given elsewhere in the report. As a result of this decision, the fitting design was
divided into three elements. While these elements were not entirely independent of each
other, their aspects were sufficiently unique that during much of Phase I they were con-
sidered to be separate design problems. The three elements, as shown in Figure 1, are




e [he fitting-to-fitting connection, a reconnectable union in the fitting which
provides the necessary structural integrity

o The tube-to~fitting connection, a permanent transition connection between
the fitting and the piping.

o The seal, a metallic disposable seal independent of the structural connec-
tions except for the seal seating surface.

The design thinking is presented in this report in terms of these individual ele-
ments for two reasons: (1) they provide excellent means of discussing the many design

aspects of the fitting in a systematic manner, and (2) the conclusions and recommenda-
tions concerning each element are different and more easily formulated when considered

independently.
r//“ y N Seal
f \“A / .
//4 (y [ ] L // Z Iil;?ienéo
' \%,é / ’/ A Fitting to
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FIGURE |. DESIGN ELEMENTS OF A TOTAL FITTING

The fitting-to-fitting design is discussed first of the three because it provides the
opportunity also to discuss many of the design problems which affect two or all three ele-
ments. This part also presents recommended design procedures and detailed designs
for flanged and threaded connections. The tube-to-fitting design is discussed next be-
cause many of the loads described for the fitting-to-fitting connection apply also to the
tube-to-fitting problem. Finally, the seal-design discussion is given. While the section
on the seal design is the most important design section, it is presented last because the
sealing problems can best be appreciated and the recommended seal designs best under-
stood after the other aspects of the fitting have been discussed.

The fifth part of the report contains a description of the 1/2-inch threaded fitting
which was fabricated, and the laboratory evaluation of its performance capabilities.

The final part of the body of the report is the "Summary of Recommendations'".
Although many specific conclusions and recommendations are presented in most of the
major sections, the more important ones are summarized at the end of the report for

convenience.

Nine appendixes contain important and pertinent information of two types: (1) in-
formation which is back-up material for discussions in the report body, and (2) selected

detailed information pertaining to the program.
3 and 4
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DETERMINATION OF FITTING CLASSES

To achieve minimum weight in a missile piping system, each fitting and com-
ponent should be designed on the basis of the exact operating requirements for that
particular component. Even if these requirements were known at every point in the
system, such a procedure would be impractical because of the excessive expenditure
of time and money. Fortunately, if the smaller fittings are designed within certain
ranges of selected parameters, the production and logistics problems are reduced con-
siderably, and the weight penalty is small, The most significant parameters considered
in determining the recommended fitting classes were (1) general service requirements,
(2) materials selection, and (3) assembly torque.

General Service Requirements

The general service requirements applicable to missiles' and rockets' fluid sys-
tems are shown in Table 1. It was agreed between Air Force Rocket Propulsion Labora-
tory and Battelle that the problems of developing a satisfactory fitting for up to 1500 F
were sufficiently difficult that the upper design temperature at least for Phase I would be

limited to 1500 F.

TABLE 1. GENERAL SERVICE REQUIREMENTS

Pressure Range, Temperature Range, Dimensional Range,
Service psi ik inches
Propellant 0 to 1,500 ~425 to 200 1to 16
Pneumatic 0 to 2,000 -425 to 200 1/8 to 1
0 to 10,000 -425 to 600
0 to 4,000 -425 to 1500
Hot Gas 0to 1,500 1000 to 3000 lto3

As presented in the table, the breakdown by fluids established natural '"families"
of fittings, However, within each family further classification was necessary. This
was especially true for propellant and hot-gas systems where operating pressures may
be much less than the maximum values stipulated.

Materials Selection

The selection of the fitting materials was determined largely by the mechanical
properties of the materials and by the compatibility of the materials with the fluid
media., In a few cases other considerations, such as machinability, governed. Since
it would be impractical to review all of the candidate materials in detail, the char-
acteristics of the classes of materials that were considered are discussed in general
terms. The selected materials are subsequently described in some detail.

5




Materials Considered
General groupings of candidate materials and the major characteristics of the

groups are discussed below.

Low-Density Materials, The low-density materials include the aluminum, mag-
nesium, and titanium alloys, Even though the aluminum and magnesium alloys have a
very low density, the low strengths and their tendency to lose strength drastically as
temperature is increased above about 300 F, make them undesirable. Compatibility
with missile propellants is also a severe limitation,

Titanium, which has good mechanical properties up to about 600 F, is generally
not acceptable for service with oxidizers,

300 Series Stainless Steels., The 300 series stainless steels are easy to machine
and fabricate, and are almost universally compatible with the fluids considered, How-
ever, because of their relatively low yield strength-to~density ratio it is not possible to
design a lightweight fitting which can satisfy the operational limits specified in Table 1.
Strength can be increased to some degree by cold working, but this increase is marginal
when the final strength is compared with that of the age-hardenable stainless steels and
other alloys discussed below, At temperature conditions exceeding 1000 F, the 300
series alloys are too sensitive to creep to be practical for this application,

400 Series Stainless Steels, The 400 series stainless steels have a good combina-
tion of physical properties over the temperature range of interest, They are easily
fabricated, and are available in production quantities, However, the heat treatment
required includes an oil or water quench, or at least a rapid cool, from temperatures
of 1760 to 1850 F, This procedure caus=s distortions in the fitting that could be detri-

mental to the sealing surface,

High-Strength Tool Steels. The high-strength tool steels of the H-11 type, such as
Potomac M, are difficult to weld and have poor corrosion resistance. Hence, they are

not considered candidate materials,

Maraging Steels. The 18Ni~-Co-Mo maraging steels possess extremely high
strengths, However, these steels are still under development., Most work to date has
emphasized ambient applications, and no compatability data are available, Also, be-
cause they are new, their availability is limited, For these reasons, they have not

been considered further,

Nickel- and Cobalt-Base Metals. This category includes materials such as
Haynes 25, Inconel X", and René 41, all of which are considered possible choices,
Of this group, Rene 41 has the best combination of properties over the temperature

range of interest,

Ape-Hardenable Stainless Steels., The precipitation-hardenable stainless steels
include 17-7PH, PH 15-7 Mo, AM-350, 17-4PH, AM-355, and A-286. Of these,
17-7PH, PH 15-7 Mo, and AM-350 are not available as bar stock or plate and hence
17-4PH, AM-355, and A-286 are available as plate and bar stock,

cannot be considered,
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One important characteristic for design purposes is a low thermal expansion.
Because of the martensitic structure of 17-4PH and AM-355 in the hardened condition,
their coeificient of thermal expansion is approximately 60 per cent of the coefficient of
the austenitic types such as A-286, 17-10P, and HNM,

The high strength/density ratio available over the temperature span of interest
and the extensive experience developed by the aircraft and missile industries in the use
of 17-4PH and AM=-355 also help to make these alloys good choices.

Refractory Metals., Refractory metals such as tungsten, molybdenum, and tanta-
lum are brittle, heavy, and hard to fabricate, Even so, the refractory metals are the
best metals available for use at 1800 to 3000 F, However, they must be coated for
oxidation and embrittlement protection. Except for applications at extremely high tem-
peratures, they donot appear as promising as the other materials listed above,

Materials Selected

The three materials chosen as being most applicable are Reneé 41, AM-355, and
17-4PH. Although there are a few fluids with which these materials are not compatible,
they are considered to have the best combination of properties over the temperature
range considered. They are produced by several companies; availability is not a prob-
lem. Considerable interest in these materials by the aircraft and missile industries in
the last few years has resulted in much experience and data that can be used for design

purposes.

These materials are harder to weld and fabricate than the 300 series stainless
steels, but several companies are presently developing acceptable welding procedures.

Mechanical Properties

Materials used in mechanical fittings should have (1) a high yield strength-to-
density ratio as a function of temperature, (2) creep resistance at elevated temperatures,
and (3) low notch-sensitivity at cryogenic temperatures. In general, the yield strength,
tensile strength, and elastic modulus of a given alloy decrease as temperature increases,
As the temperature decreases, these properties increase, but the ductility and fracture

toughness tend to decrease,

Yield Strength-to~Density Ratio. When weight is important, the yield strength-to-
density ratio versus temperature curve is a major design criterion. Figure 2 shows
these curves for the materials selected., Also, curves for some of the other materials

considered are included for comparison,

The effect of the strength-to~density ratios on fitting weight can be illustrated by a
simple example in which bending loads are not considered. If it is assumed that a mis-
sile contains 300 fittings having an average weight of 1 pound each when made from
A-286, the total weight per missile would be 300 pounds. As shown in Figure 2, the
yield-strength-to-density ratio at 200 F for Inconel "X", A-286, Rene 41, and 17-4PH is
3.2, 4.1, 4.7, and 5,8 x 105 respectively. Fabricating the 300 fittings from Inconel "X"



would increase the total weight to 383 pounds. When fabricated from Rene 41 and 17-4PH
the total weight would decrease to 262 and 212 pounds respectively. The total fitting
weight therefore could be reduced by more than 29 per cent if 17-4 PH were used instead
of A-286. At hightemperatures, above 800 F, the comparison of yield strength-to-
density ratio is also important even though the strength of materials decreases markedly
as temperature increases, because the change is different for each metal,

Creep. Although the creep rate of metals is generally disregarded at temperatures
less than 800 F, it increases rapidly as temperatures exceed 800 F, For most materials
there is some temperature at which the creep resistance or stress-to-rupture strength
becomes less than the tensile yield strength, and hence the creep resistance rather than
the yield strength must be used as the design basis,

Because the factors governing tubing design in a fluid system also are major
factors governing the design of a fitting for that system, the time and temperature
dependency of the fitting weight can be illustrated by considering the time and tempera-
ture dependency of the tubing, The curve in Figure 3, tube we1ght versus temperature,
is based on a 2~inch length of 2~inch outside-diameter tube of Rene 41 for a pressure of
1500 psi and a life of 1000 hours. The creep strength for René 41 becomes the con-
trolling strength factor at about 1100 F, as evidenced by the change in slope, The curve
in Figure 4 repre sents tube weight versus time for a 2-inch length of 2-inch outside
diameter tubing of Rent 41 for a pressure of 1500 psi and a temperature of 1500 F.
From these curves it is apparent that either a decrease in temperature or a decrease
in service-life requirement would result in a significant weight saving. Thus, it is
important that the expected service temperature and desired life be known to achieve

an optimum design.

Creep and stress-to-rupture data at elevated temperatures are commonly avail-
able for all of the materials listed in the preceding section, The two best materials are
René 41 and Inconel "X"., AM-355 and 17-4PH are likely to become embrittled when
kept at temperatures above 700 F and hence should be restricted to 600 F service for

missile fittings.

Notch Sensitivity, At cryogenic temperatures, one of the most important con-
siderations is the materialls fracture toughness or its ability to fail in a ductile manner
when notches are present. This property, which can be measured by impact tests or by
center-notch tensile tests, decreases rapidly with decreasing temperatures.

Because of the high stress levels dictated when designing for minimum weight,
and because of the importance of fracture toughness, the effects of intrinsic defects
(flaws, inclusions) and manufacturing defects (surface scratches, designed notches,
welds) must be considered at cryogenic temperatures, even though such imperfections
do not cause problems at "normal' temperatures. An Air Force technical manual(l)*
states that "metals with a minimum impact resistance of 15 ft-1b Charpy keyhole notch,
or 18 ft-1b Izod V-notch are generally suitable for cryogenic service'. However, there
are many versions of impact tests; specifications have not been established to govern
the evaluation at cryogenic temperatures, and minimum acceptable values have not been

established for each of the various tests,

*References are listed on page 22,
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The notched/unnotched tensile ratio-vs. -temperature curves given in Figure 5
show a sharp decrease in the notched/unnotched ratio below -100 F for AM-355 as com-
pared to an almost constant value for René 41. The tendency for the notched-unnotched
tensile ratio to drop rapidly as temperatures are decreased is typical for martensitic
materials. It appears on the basis of available data that this is true of 17-4PH as well,
On the basis of this curve, and because there is a lack of definitive data specifying
minimum acceptable values, the lower service temperature for AM-355 and for the
comparable material 17-4PH has been set at ~100 F,

Fluid Compatibility

The fluids considered in this program and their useful temperature ranges are
shown in Figure 6, As shown by Figure 6, the fluids could be divided into two groups on
the basis of minimum service temperature. It was noted that the lower temperature ex-
treme for Group A was approximately equal to the lower design-temperature (-100 F)

limit for AM-355 and 17-4PH.

A summary of the compatibility data found for the compatibility of AM-355,
17-4PH, and Rene 41 with the fluids is given in Table 2. Compatibility data for these
three materials with propellants are generally scarce and are nonexistent for some
combinations. Also, many of the available data are contradictory. Therefore, esti-
mates of the compatibility with some fluids have been extrapolated on the basis of data
for other materials with similar chemical compositions. The following conclusions can

be made on the basis of the data in Table 2:

(1) AM-355 is acceptable for general service with the majority of fluids,

(2) 17-4PH is acceptable for general service with the majority of fluids.
It is unsatisfactory for use with hydrazine and MMH at all temperatures.

(3) Rene 41 is acceptable for general service with the exception that no
data were found for hydrazine, 50 UDMH/50 hydrazine mixtures, and
MMH. It is unsatisfactory for use with hydrogen peroxide.

Other data collected during the program indicate that the 18-8 type stainless steels
are possible materials of construction for use with UDMH, UDMH/hydrazine mixtures,

MMH, and hydrogen peroxide, as are many of the aluminum alloys.

Conclusions

Three materials were selected for minimum-weight fittings. René 41 can be used
for the entire temperature range, -423 to +1500 F, whereas AM-355 and 17-4PH are
restricted to the limits of -100 and 600 F, Within the narrower range, use of AM-355
or 17-4PH would result in a lighter fitting than would use of René 41, Also, both AM-355
and 17-4PH are more readily available and cost less than Rene 41. Although Type 347
stainless steel is widely used in this limited temperature range, a comparison of the
yield strength-to-density ratio of Type 347 with that of AM-355 or 17-4PH (Figure 2)
shows that a weight penalty might result if it were used. It is recognized that Type 347
is more readily available, is more easily machined, and has excellent compatibility,
However minimum weight is considered to be a more critical selection criterion when
desipgning for missile applications. Therefore, when considering the choice of materials
three temperature service ranges are identifiable and three materials appear to be the

hest choice for these temperature ranges:
13
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(1) =100 to 600 F: Recommended materials: AM-355 and 17-4PH
(2) -425to 600 F: Recommended material; Rene 41
(3) =~425 to 1500 F: Recommended material: René 41

Above 1500 F it will probably be necessary to use a refractory material, although
René 41 can be used for short-life fittings up to 1800 F,

Assembly Torque

A torque of 2000 in~1lb has been chosen as a reasonable limit for individual threaded
assemblies whether they are threaded connectors or nut-and-bolt assemblies. Torque is
determined by the amount of preload needed to assure the sealing and structural integrity
of the fitting during the expected service life., Preliminary analysis summarized in a
later discussion, indicates that all propellant and hot-gas fittings should be flanged con-
nections. Threaded connections can be used up to 1-in, size for pneumatic service up
to 2000 psi and 600 F, For service at 10,000 psi = 600 F, or 4000 psi — 1500 F, the
apparent limit for threaded connections is the 3/4~in. size.

Recommended Fitting Classes

Based on the above considerations, five fitting classes are recommended, as
shown in Table 3.

TABLE 3. RECOMMENDED FITTING CLASSES

Temperature, Maximum Design Type of
Class F Pressure, psi Size, in. Service Connection Material
Ia -100 to 600 2000 1/8to 1 Pneumatic Threaded AM-355 or
b(P) -100 to 200 1500 1016 Propellants A(®) Flanged 17-4PH
Ila ~-425 to 600 2000 1/8to0 1 Pneumatic Threaded René 41
p(b) ~425 10 200 1500 1to 16 Propellants A Flanged René 41
and B
Ila -425 to 600 10,000 1/8 10 3/4 Pneumatic Threaded René 41
b =425 to 600 16,000 3/4101 Pneumatic Flanged Rene 41
wal© ~425 to 1500 4000 1/8 t0 3/4 Pneumatic Threaded Rene 41
b -425 10 1500 4000 3/4101 Pneumatic Flanged Rene 41
\Y 1000 to 3000 1500 lwo3d Hot gas Flanged Refractory

(a) The propellants are distinguished by two groups, as given in Figure 6.

(b) For large sizes where true maximum operating pressure is less than 1500 psi, a design on the basis of actual service pressurc
would result in a significant weight savings. Designs presented in this report are rated at maximum pressures,

(c) Fittings operating at higher temperatures (above 800 F) must be further qualified according to service life.
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FIGURE 7., WEIGHT COMPARISON OF THREADED FITTING CLASSES
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Class I is distinguished from Class II by the lower temperature limit, which
allows for use of AM-355 or 17-4PH alloys. The high-pressure and high-temperature
fittings are separated into Classes III and IV, on the basis of maximum service tempera-
ture. The Class IV f{ittings must be designed for a specified service life because of
creep, Weight comparisons based on equivalent tube lengths (Figure 7) show that a
1/2-in. Class IV fitting may be 46.5 per cent heavier than a 1/2-in, Class III fitting.

A 1-in. Class Ila fitting may be 4.7 per cent heavier than a 1-in. Class la fitting. How-
ever, the total weight increase per fitting may amount to less than 0,01 pound. There-
fore, a class simplification is possible if these additional weights are not considered to
be a severe penalty,

Classes III and IV are subdivided because of the 2000 in-1b torque limitation. It
does not appear possible to overcome this limiting factor since the torque requirement
for the 3/4 to 1-in, range is beyond a reasonable expectation of a man's capability with
reasonable wrench lengths,

Although Classes Ib and IIb are designated, it is not recommended that discrete
classes be established for large fittings, Instead a rigorous design procedure based on
specific types of flanges should be developed as the controlling design specification,
The flanges to be considered as the basis for this design procedure should be of the
types illustrated in Figure 8, It may appear that this will complicate the logistics prob-
lem, but it should be noted that only a few large pipe fittings are used on each missile
and that they vary significantly with missile type. Once a fitting is designed for a par-
ticular missile system, that fitting will probably be assigned a specific part number and
can be ordered and stocked in appropriate quantities by that part number,
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FITTING-TO-FITTING CONNECTION

During the course of Phase I many methods of assembling a mechanical connection
in a pressurized piping system were studied. Evaluation of these concepts, however,
made it apparent that none could compete in simplicity, ruggedness, and reliability with
the conventional attachments consisting of either a threaded nut mated with a threaded
stub end, in small sizes, or bolted-flanged connections in larger sizes. The recom-
mended threaded and bolted fitting-to-fitting connections developed during Phase II and
described in this section contain a number of unique features in which lightweight, rug-
gedness, and reliability are achieved by use of high-strength materials and suitable

design procedures.

The following discussion is presented in four sections:
® Design Parameters

® Designs Considered

® Proposed Threaded-Fitting Design

® Design Procedure for Bolted Fittings

In the first section the significant design parameters involved in designing a me-
chanical connection are discussed in general terms. Graphs and equations are given to
indicate the approximate magnitude and significance of the effect of each parameter on
the final design. The parameters discussed are applicable to both threaded and bolted

fittings.

In the "Designs Considered'' section a few of the methods of securing the fitting-
to-fitting connection which were evolved in the early stages of Phase I are described.

The third section presents a discussion of the systematic design procedure which
Battelle developed for the design of improved aerospace threaded fittings. The proce-
dure is clarified by the discussion of the design of the experimental 1/2-inch fitting which
was evaluated during Phase II. The results of the evaluation are described in a later

section of this report.

The fourth section includes much of the material prepared for inclusion in the
Fluid Designers' Handbook, plus a discussion of creep design procedure. As in the
previous section, an example is presented for clarity.
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Design Parameters

The general discussion of design parameters presented below enumerates and
explains the effects on the structural components of the fitting-to-fitting connection of
such factors as structural loads, seal seating loads, preload, temperature, and fatigue,
Also, the interactions between the seal, the tube-to-fitting joint, and the fitting-to-

fitting structure are briefly discussed,

Structural Loads

The structure of a mechanical connection must be designed to withstand several
types of load, which may be imposed individually or in combinations. These loads are

W Bending,F,  Torsion, M;
,-———J eatin =
g’ 5___‘_ . - | D __—+ y

/ l(f ar'r i =

G R _‘i} E

() /ij;ii I . N J EEE
N

R —

shown in Figure 9.

A-43896
FIGURE 9. TYPICAL LOADS IMPOSED ON FITTINGS

Hoop Stresses From Internal Pressure. In the design of a tube for internal
pressure, the hoop stresses are largest and control the design. In design of a fitting,
however, the structure necessary to transfer axial loads requires an increase in wall
thickness, so hoop stress from internal pressure becomes a secondary consideration,

Pressure End Load, The pressure end load acting on the structure is equal to

FE=-3£GZP, (1)

where
Fg = pressure end load, 1b
G = effective seal diameter, in,
P = internal pressure, psi
FigurelOshows values of the end load, Fp, for the maximum internal pressures

of Fitting Classes I through V based on the approximation that G is equal to 1.1 the
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tubing diameter. For the larger sizes, this load becomes very high: 360,000 1b for a
16-in. fitting withstanding 1500-psi internal fluid pressure.

In some systems, the pressure end load may be absorbed primarily by anchors or
clamps rather than transmitted through the fitting. In such systems, it may be possible
to use lighter fittings. However, for e¢eneral use fittings must be designed to withstand
the total pressure end-load.

Bending Moments. A bending moment, M, producing bending loads, Fg, may be
present because of tubing misalignment, thermal expansion or contraction of the tubing
system, vibrations, displacements of anchors, or acceleration forces. Bending mo-=
ments imposed on a fitting in a tubing system cannot be determined in advance, since
these moments depend upon the specific tubing system, its operating conditions and the
location of the fitting in the system. However, some limits, even if arbitrary, must be
established to make design possible. For the fitting designs presented in this report the
design limits are based on (1) the strength of the tube in the system and (2) the strength
of equipment (compressors, pumps, pressure vessels, etc.) to which the tubing system
is attached.

The maximum beunding moment that can be applied to a fitting through the attached
tubing is given by the equation
M=SZ, (2)
where

S = limiting stress of tube material, psi

3

Z = section modulus of tube cross section, in. -

Since both S and Z in Equation (2) depend on the material used for the tubing and its
wall thickness, the bending moment, M, can be established only after the tube is se-
lected. In the following, a procedure for establishing the design moment is shown for an
assumed tube material and related wall thickness. Analogous bending moments for other
fubing can readily be established by the same procedure.

It is assumed for illustrations of the procedure that the tube will be made of
AM-350 stainless steel. This material is being used to some extent in missiles and,
because of its high yield strength, a lightweight tube would be possible. The pertinent

properties of AM-350 are:

Yield Strength at 70 F(1)¥, psi 150,000
Fatigue Strength at 70 F(Z), psi

10° cycles 95,000
106 cycles 85,000
107 cycles 84,000

On the basis of the yield strength, S in Equation (2) could be as high as 150,000 psi.

However, considering the requirement that the fitting, andl therefore the tubing must be
designed to withstand 200,000 cycles of reversed bending,** it is apparent that the fa-
tigue strength rather than the yield strength will control.

* Numbers in parentheses denote references listed on page 109,
» paragraph 11l 2 g (page 5) Exhibit A "Technical Requirements, Development of Mechanical Fittings", Contract AF No, 04(611)-

8176, March 13, 1962,
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The fatigue strength of AM~-350 for 200,000 cycles is about 90,000 psi. This, of
course, is based on a smooth-specimen fatigue tests. In tubing systems there will be
points of stress intensification at clamps and at curved tube sections, The stress-
intensification factors may be of the order of two or larger. Accordingly, a fatigue
stress limit of 50,000 psi has been used in computing the bending moment limit from

Equation (2),

To compute the design bending moment by Equation (2), it is also necessary to
determine the tube wall thickness, since the section modulus of the tube depends upon
its thickness, Tube thickness can be computed with the following equation (based on

hoop stresses):

>
=PD_. _PD 2 g5, (3)

where

= tube-wall thickness, in,

P = internal pressure, psi

D

tube diameter, in,

8y, = design stress, taken as two-thirds of the yield
strength of AM-350 at 70 F

The thickness computed from Equation (3) can be very small, e.g., .00l in, for
1/8-in, tubing at 1500 psi. It is improbable that such very thin-walled tubing will be
used. Accordingly, a minimum thickness of 0,005 in, has been used as the lower limit
for tube thickness, t, in cases when Equation (3) gives values smaller than this limit,

For thin-walled tubing, the section modulus can be closely approximatea by

Z=—4—. (4)

- _ . _ PD _ m% .
By substituting the value S = 50,000 and the expressions t % 500,000 and Z = —g— in

Equation (2), the bending moment can be determined as

M= 0,197 PD3

t>,005 (5)

When t = 0,005, the bending moment is
M = 197D2, (6)

In smaller fittings for lower pressures the design will be controlled by the seal-
seating load (discussed in the next section); hence, there will be a substantially larger
bending-moment allowance than indicated directly by Equations (5) and (6). The approxi-
mate bending-moment allowance for small fittings is shown on Figure 11, along with
bending-moment requirements implied by MIL-F-18280A(3), Par. 4.3.3.3.3 for

comparison,
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SMALL FITTINGS
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While Equations (5) and (6) provide a reasonable design basis for small fittings,
the bending moments calculated may be unnecessarily high for large fittings, The limi-~
tations on bending moments which can be applied to equipment to which the tubing is
attached are not known; however, some indication of the limits may be obtained from
the bending moments permitted on the piping connections to steam turbines(4), as
shown on Figure 12, It is apparent that, even for equipment as heavily constructed as
power-plant steam turbines, the bending-moment allowance is substantially less than

that given by Equation (5),

Another general indication of typical bending moments on flanged joints given by
Rossheim and Markl(5) is

M = 60 (D + 3)3 in-1b, (1)

Equation (7) was originally developed as part of a review of a large number of stress
calculations on piping systems, It may be considered as a typical bending moment that
may occur in piping systems in power plants, chemical process plants, and oil re-
fineries. Equation (7) is also plotted on Figure 12,

Design bending moments obtained from the larger of the moments from Equa-
tions (5) and (6), but not exceeding the moment obtained from Equation (7), are shown
on Figure 13, These are the moments proposed for use in designing the fitting-to-

fitting structure,

External Axial and Torsional Loads. External axial and torsional loads arise
from the same causes as do bending loads, External axial loads are usually minor and
can be discounted., Torsional loads are basically limited to three-dimensional tubing
systems and may be a problem if sufficiently large to cause rotation of one part of the
joint with respect to the other, Rotation could cause leakage, in either threaded or
bolted fittings, because the seal is disturbed, It could also cause back-off and preload
relaxation in a threaded joint. A torsional resistance of the fitting equal to that which
can be safely imposed on the fitting by the attached tube is suggested as a design basis,

Seal-Seating Load

Quite independent of the structural load, the fitting structure must also be de-
signed to withstand those loads required to produce intimate mating between the fitting's
seal-contact faces and the seal. The factors involved are discussed on pages 129
through 132. For the purpose of fitting-to-fitting design, it has been assumed that an
initial seating load of 1000 1b per linear in. of gasket length is required. The seal-

seating load, Fg, is given by the equation

Fg = 1000 1G (1b), (8)

where G = effective seal diameter., For preliminary evaluation, G may be taken as
1.1 D, where D is the tube size, giving

Fg = 3460 D (1b). (9)
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Design Loads

The structural load applied by internal pressure is an axially symmetric load with
respect to the fitting structure, since the fitting structure, in the design concepts pro-
posed, is itself symmetric about the longitudinal axis of the tube, Although an analysis
of axially symmetric structures similar to the configurations used in the fittings is
quite complex, theoretical methods are available which make possible a fairly precise
engineering design of axially symmetric loads such as that produced by internal pressure,

The structural load applied by bending, however, is not symmetrical, In the
following, a pressure, Pp, equivalent to the bending moment, will be derived, The
equivalent pressure, Pg, can then be handled in the same way as the actual pressure,
P, i,e., by using theoretical methods for axially symmetric loads,

When a bending load is imposed on the fitting through the piping, a maximum
tensile stress will exist at one point on the circumference., A diametrically opposed
maximum compressive stress will arise simultaneously, However compressive failure
is not likely to occur since the cumulative sum of the tensile stresses due to bending and
the pressure end load is greater. In any case, the minimum strength of the fitting is
equal to or greater than the maximum strength of the tubing under conditions where
compressive failure might occur. The maximum tensile stress will be given by the

equation (10)

M
Sp = —
B Z

3

where
Sp = maximum bending stress in tube, psi

M = design bending load, in-lb (From Figure 13)

Z = section modulus of tube, in3,

While this tensile stress exists at only one point on the circumference, it can be
conservatively assumed that the fitting may be designed as if Sg, the maximum bending
stress, existed uniformly all around the tube circumference. With this assumption, it
is possible to express the bending load as an equivalent internal pressure, Py, which is
given by the equation

45pt
where
Pp = equivalent internal pressure, psi, from design moment, M,
Sp = maximum bending stress in tube, psi

tube-wall thickness, in,

e
1

D = outside diameter of tube, in,

If it is assumed that a tubing material such as AM-350 precipitation-hardening
stainless steel with a design stress of 100,000 psi is used, the required tube-wall
thickness can be determined by Equation (3). The equivalent axial load, Fpg, in terms
of PB is "

- m
Fp = Pp 1 G®. (12)
Figure 14 shows Fp as a function of size and pressure,
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The total structural load the fitting must carry is at least equal to the sum of the
pressure end load and the pressure equivalent of the bending loads, However, the total
structural load may not be the controlling design load since the load required to seat the
gasket may be greater. The load required to seat the gasket given by Equation (9) and
the total structural load are plotted in Figure 15, Figure 15 shows approximately the
crossover point where either seating load or structural loads control the design., As
an example, for a 3/8-in, fitting (D = 0, 375), the seating and structural loads for
different internal pressures are given in Table 4, The design load for each pressure is

TABLE 4, DESIGN LOADS FOR 3/8-IN, FITTING
(-425 to 600 F Operating Temperature)

Design Seating Structural
Pressure, Load, Load,
psi Ib 1b
1,500 1,300 600
2,000 1,300 750
4,000 1,300 1,000
10,000 1,300 2,100

underlined, For the 3/8-in, fitting the seating load is greater for design pressures of
1500, 2000, or 4000 psi, and only for a design pressure of 10,000 psi is the structural

load the controlling factor.

Preload

Mechanical connections in a piping system are usually tightened so that an axial
preload force in excess of the design structural load is created, In flanged connections,
determination and control of the preload is accomplished more easily than in threaded
connection, In threaded fittings the need for attaining a desired or required preload is
often neglected although the principles involved apply as well to threaded connections as

to flanged connections.

In service the action of the imposed axial loads is to ''pull' the mating parts of the
fitting apart. Any degree of separation generally will lead to early failure, Therefore
in order to counteract this action it is necessary to prestress the flange members of the
fitting in compression an amount greater than the expected strain relaxation caused by
the tensile axial loads. Of course, preloading causes an initial tensile stress in the
bolts or threaded nuts, This tensile stress may increase when the service loads are
applied, and a balance must be achieved between a preload which is sufficient to prevent
flange separation and a preload so large as to cause eventual tensile stress failure of the
bolt or threaded nut, The factors that must be considered in determining the required
preload are: (1) the spring constants of the compression and tension members, (2) the
minimum compressive load on the flange members needed to prevent leakage, (3) the
maximum allowable stress in the tensile members, (4) the magnitude of the structural
loads, and (5) the effects of the thermal gradients,

The problem of a preloaded joint is statically indeterminate; hence, it must be
solved on the basis of displacements of the structure. Calculations of displacements
become quite complex where stretching and bending of structural parts, changes in
moment arms, and radial effects of internal pressure are involved, A basic
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understanding of the problem, however, can be obtained by disregarding the effects of
moment-arm changes and the radial components of internal pressure, The following
discussion is therefore limited to a simple case analogous to that shown in Figure 16,
where only tensile and compressive displacements are considered.,

In threaded fittings, the nut is the tension member, analogous to the bolt in Fig-
ure 16. The stub ends and seal are the compression members analogous to the rings
and seal of Figure 16. In flanged fittings, the bolts are analogous to the bolt and the
flanges and seal are analogous to the rings and seal of Figure 16,

-=- L-B -
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Far=ieaa B
Fod ——FlorRy| | =~— i
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Rings Seal
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L

A-43903

FIGURE 16. MODEL OF SIMPLIFIED PRELOAD THEORY

When the nut on the bolt is tightened, there will be an increase in bolt length and
a decrease in the length of the rings and seal, given by

FiLp FiLR 5 _FIL’G
5B = ———— = — 3’

ErAB v R ERAR AEE = EgAg
where subscripts B, R, and G refer to the bolt, rings, and seal, respectively, and

F'] = initial bolt axial force, 1b E = modulus of elasticity, psi

cross-sectional area, in, 2

"

L = free axial length, in, A

When a load Fg is applied (as from the attached tube in the actual fitting), the force
in the bolt in Figure 16 changes to F'2 and

6pa = » O0gp =(F2 - Fs) EgAR’ 0ga = (F2 FS)EGAG

The change in length of the bolt must remain equal to the combined changes in
lengths of the rings and gasket:

dp2 - 0p = (OR + 6G) - (6Rr2 + dG2) (13)

or
-F) —— =(Fy -F», + F —_t . (14
(Fz-F1) g = (F1 - Fz + Fo) (5 EGAG) )
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Ly Lp  Lg
Defining E = Rp and E_A + e RG as the spring constants (in. /1b), and
BB R'R G G
collecting terms in Equation (14),
F2(RB + RG) = F} (RB + RG) + FsRGs (15)
or
Fp = Bye e 6
KEEp= ——==—" (16)
R
e
RG

If FZ’ the maximum allowable load, and Rp and Rg, the spring constants, can be deter-
mined or closely approximated, the analytical determination of F) the preload is re=
latively simple by means of Equation (16). However, this simple case, if changed into

a graphical representation, can be handled more easily when thermal effects are sub-
sequently introduced. In a later discussion of the proposed fitting-to-fitting connections,
the graphical presentation has been used extensively.
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FIGURE 17. GRAPHICAL ILLUSTRATION OF SIMPLIFIED PRELOAD THEORY

The graphical representation of the basic relationships is shown in Flgure 15, A
line is drawn from the origin with a slope _FB% = Rp. A second line, with slope __G. Rgs

is drawn to intersect the first line at F' = F'j. The force applied, Fg, is drawn between
the two intersecting lines as shown in the figure, As can be seen in the construction,

Fj+ Y. Since 2 =Rp and X = P i . :
Fa = E] + X, ince - = Rpg an —2--RGan -—Ii-]—s-ia—— s*
x = DRBRG g with ¥ = X
RB+RG RB
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RGFs _ Fs

Fr=F1+Y=F]+ F-2 _ - + .
2 1 . Rp+ Rg Fl 1+R'B
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Accordingly, the construction shown by Figure 17 is a graphical presentation of
Equation (16),

The load existing at the gasket, Fj, can be obtained from static equilibrium:
Fi=F;-Fg. (17)

From a fitting-design standpoint, it is necessary that the average stress on the
seal contact area be at least equal to the internal pressure to prevent leakage, * This
stress is simply the load at the seal, Fj, divided by the seal contact area, Equa-
tions (16) and (17) give means of calculating the required preload, F;, in order to
maintain a required residual seal load, F;, after application of the structural load, Fg.
Equations (16) and (17) may be combined to give

Fs . (18)

In the preceding discussion, the seal has been considered as not pressure energized.
When considering a typical metal pressure-energized seal, reduction of Fj to a low
value has a different but equally significant implication in the fitting design, A charac-
teristic of many metal pressure-energized seals is that in order for the seal to be
flexible enough to give any appreciable seal follow-up from internal pressure, its
flexibility is such that it will withstand only a negligible amount of preload; almost all

of the preload is supported by the fitting faces adjacent to the seal, or, in some designs,
by a rigid part of the seal itself. With this type of seal, reduction of F; to zero implies
a separation of the fitting interface. In this case, leakage may not result under static
conditions because of pressure-generated seal follow-up; however, vibration of the tube
system may produce sufficient movement to cause flexing of the metal seal, thus possibly
leading to leakage by abrasion of the sealing surfaces, or fatigue failure of the metal
seal. Accordingly, even with a pressure-energized seal, the lower limit on F; is an
important design consideration,

In actual fitting design, other factors which influence the preload requirements

are.

(1) Rotation of flanges

(2) Moment-arm changes as the load is transferred from the seal to the tube

(3) Radial effect of internal pressure.

*This is a theoretical lower limit on residual seal-contact-area stress and presumes a “perfect match” between sealing surfaces.
This "perfect match” between sealing surfaces is, in practice, never really achieved but may be approached by adequate seal-

scating load,
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An equation for calculating F,, including these factors, is
Fp=F1 +aP, (19)

where
P = internal pressure, psi

Le [iq ] ] 2 _ 2qpB3(hn - hr) -8
&= | LG, - 2aFhT - ba) [ G=s 2RE {(hp = hy) 7Tqr}.

Equation (19) and the definition of & are taken from Wesstrom and Bergh(é) and
Rodabaugh< 7). Symbols used are defined in Appendix I. The definition of a is directly
applicable to a flanged fitting in which the flanges are identical, It may readily be
adapted to a flanged fitting in which the two flanges are not identical. It may also be

adapted to design of threaded fittings,

Equation (19), of course, reduces to Equation (16) when only tensile and com-
pressive deformations are considered. Equation (17) can be used with Equation (19) to
determine the relationship between F';, Fg, and Fj.

Temperature Effects

In the preceding sections only design loads essentially at ambient temperature
were discussed. When the effects of temperature change are considered, the design

problem becomes more complex,

Creep or Relaxation. At high temperatures, the strain in a metal part under
stress cannot be considered as independent of time, In a mechanical connection, where
creep produces a reduction in preload and in turn a reduction in stress, the problem
becomes one of relaxation with variable stress,

An accurate theoretical method for calculating the performance of a threaded or
flanged fitting under creep or relaxation conditions has not been developed insofar as
the authors are aware, The problem is very complex because of the variable stress
field in the structure, nonlinear relationships that are a result of elastic-plastic de-
formations, and the introduction of time as an additional parameter,

In view of the necessity for design under creep or relaxation conditions, an
approximate theoretical design procedure has been established, as shown and discussed
in Appendix II. This design method has the virtue of relative simplicity and is believed

to be conservative,

Thermal Gradients, If a cold fluid, like liquid oxygen, is suddenly introduced into
a piping system, the temperatures of metal parts in direct contact with the fluid will
decrease rapidly. The temperatures of those parts not in direct contact, such as the
nut of a threaded fitting or the bolts of a bolted fitting, change less rapidly because of
the air-film resistance between parts. Accordingly, there is a period during which
the average temperature of the interior parts of the fitting is lower than the average
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temperature of the exterior parts., During this time effective preload decreases because
of the relative thermal expansion of the fitting nut or bolts,

When a hot fluid is introduced into a piping system the internal parts may become
hotter than the external parts, This increases the preload, since a relative thermal
contraction of the nut or bolts occurs, However, there is also the possibility of yielding
of some member of the fitting, and if temperature equality were later re-established,
the preload might be partially or completely removed, with consequent leakage,

The temperature difference is a function of the fluid properties and flow velocity,
as well as the properties of the fitting and its material; hence, a numerical value for
this temperature difference can be calculated only for each specific case, To facilitate
fitting design, the following limits have been set for the permissible temperature

gradients:

Maximum Design

Service Temperature, Temperature Difference*,
F F
-100 to 600 100
-425 to 1500 400

A relatively thin-wall tube will change in temperature more rapidly than will the
more massive fitting parts. Therefore, the tube will exert either a radially inward or
outward force on the flanges or stub ends, depending on whether cooling or heating is
occurring. In either case a consequent tendency for parts to rotate relative to each other
will be a design factor. Although this factor has not been evaluated in the preliminary
design, it should be considered when final designs are established.

A nonsymmetrical temperature condition exists when some types of hot or cold
fluids are introduced into a horizontal pipeline. The colder liquid tends to flow along
the bottom half of the tube while the relatively warm vapor is near the top., This
heterogeneous flow pattern causes ''bowing'' of the pipeline, with resulting high bending
moments transmitted to the mechanical fitting., This condition is specific to a given
piping system and when it is present its effect should be considered by the designer as a
bending moment which should be held within the bending-moment limits established

previously,

Modulus of Elasticity. When the temperature of a fitting changes, there is a
corresponding change in the modulus of elasticity and in the effective preload, F], to a
new value, (Fl)T. For AM-355 and René 41 in the temperature range under consider-
ation, this effect is shown in Table 5.

With decreasing temperatures, the structure must retain a sufficient strength
margin to prevent overstress by the consequent load increase, For the two materials
considered, the yield strength increases more rapidly than does the modulus of elastic-
ity and, therefore, the change in preload is not a design problem. However, for in-
creasing temperatures, the structure must be endowed with extra preload to maintain
an adequate residual load at temperature, As an example, for AM-355 for service at
600 F, this requires about 11 per cent extra preload,

*|{ in actual service the design limits are exceeded, use of a thermal shield is suggested. This could be simply a cylindrical
slceve at the bore of the fitting which provides a stagnant space between it and the fitting bore to retard heat transfer from the

fluid to the fitting.
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TABLE 5. CHANGE IN EFFECTIVE PRELOAD AS
FUNCTION OF TEMPERATURE

(FI)T/FI at Indicated Temperature
-425 F -100F 70F 600F 1500F

AM-355 (a) 1,00 1,00 0.90 (2)
René 41 1.10 1.o3 1,00 0,92 0.75

(a) Not used at these temperatures,

Threaded Versus Bolted Fittings

Considering pipe and tubing systems in general, threaded fittings are generally
used in small sizes (1/8 to 1/2 in.). There is an overlapping size range of about 1/2 to
4 in, in which selection of threaded or bolted fittings depends upon the detailed service
requirements of pressure, temperature, reliability, and installation conditions. For

sizes larger than 4 in., bolted fittings are generally used.

Perhaps the most significant factor involved in the choice between threaded or
bolted fittings is the torque required for preloading. In contrast to threaded fittings,
in which the preload is applied by tightening a single threaded element, the preload is
applied to bolted fittings by means of several comparatively small threaded elements,
so while the preload is approximately the same, the required assembly torque is much
lower for bolted fittings of comparable size and rating. The torque required to preload

threaded fittings may be approximated by the equation

T =0.2dF, (20)

where
T = required preload torque, in-lb
d = nominal thread size, in,
F') = required preload, 1b.

For preliminary evaluation purposes, d may be taken to be 1,30 D. As discussed in the
next sections on design procedures, F'| can be established only after detailed dimen-
sions of the fitting are selected, However, for preliminary evaluation of torque re-
quirements, F'l may be taken as equal to Fy, The design load, Fp, is shown in Fig-

ure 15, With these assumptions, torque requirements have been calculated and are

plotted in Figure 18,

The torque that can be applied to a fitting depends on numerous factors; e.g., the
type of tool being used, the precision with which torque must be applied, the space
around the fitting as initially installed and, as might be the condition for subsequent
disassembly and reassembly, the space for a workman to stand and brace himself while
applying the torque, Obviously, in designing a line of fittings for general use, any maxi-
mum torque limit is necessarily somewhat arbitrary. However, based on general
experience with pipe and tube fittings, an upper limit of 2000 in-1b of torque appears
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reasonable. This torque limit, when transferred to Figure 18, subdivides the fittings
into threaded and bolted as shown in Table 6, "

TABLE 6, DIVISION OF FITTINGS INTO THREADED AND BOLTED,
BASED ON A MAXIMUM TORQUE OF 2000 IN-LB

(-425 to 600 F Operating Temperature)

Design Threaded-Fitting Bolted-Fitting
Pressure, Sizes, Sizes,
psi in, in,
1,500 1/8 through 1-1/4 1-1/2 and larger
2,000 1/8 through 1 (a)
(4, 000)(b) 1/8 through 1 (a)
10, 000 1/8 through 3/4 3/4 through 1

(a) Larger sizes are not included in these pressure classes.
(b) The design pressure of 4000 psi is shown for information only. Fittings for 4000 psi and 30-
minute life at 1500 F will probably be similar to the 10,000 psi-fittings at 600 F,

A more detailed analysis, in which actual fitting geometry is established, will
shift this division, but Table 6 may be taken as a preliminary indication of the division
between threaded and flanged fittings based on torque requirements, Table 3 shows
slightly smaller-size divisions between threaded and bolted fittings in Classes I and II
than shown in Table 6, reflecting an anticipation that preloads (Fj) will be somewhat

higher than design loads (Fp).

Fatigue

In general, tube or pipe fittings are subject to fatigue damage due to cyclic bending
(vibration) of the piping system, When the fitting is properly preloaded, the cyclic
stress in the fitting-to-fitting structure will be low and fatigue failure of the fitting-to-
fitting is not anticipated, Fatigue failure, with cyclic bending of the attached pipe, is
more likely to occur at the tube-to-fitting juncture, With the details shown later herein,
and assuming an adequate brazed or welded tube-to-fitting joint, fatigue failure will
occur first in the tube at the end of the hub socket, The stress-intensification factor
at this juncture, however, will be fairly low if the socket wall thickness is not too large;
i.e., the change in crosssection is not too great. The stress-intensification factors can

be further reduced by tapering the end of the socket,
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Seal Interaction

The requirements for the fitting structure are dependent on the type of seal. For
example, an axial seal such as a flat metal ring gasket will impose more stringent re-
quirements on the structure than does a radial seal which is described in later sections

of this report,

Tube-to-Fitting Interaction

Insofar as fitting~to-fitting design is concerned, the tube-~to-fitting connection
should be such that it does not distort the fitting structure, particularly the seating sur-
face for the seal. Distortions produced at the tube-to-fitting connection can be pre-
vented from distorting the sensitive parts of the fitting structure, such as threads in
threaded fittings or seal-seating surfaces in both threaded and flanged fittings, by using
a sufficiently long, relatively thin hub on the fitting stub ends (threaded fittings) or on
flanges (flanged fittings). The hub length required will depend upon the details of the
tube-to-fitting joining process and the magnitude and type of distortions produced. The
distortions produced by the joining process will be particularly harmful if they are of

an axially nonsymmetric type.

Designs Considered

During the early stages of Phase I many possible methods of securing the fitting-
to-fitting connection were considered. These ranged from exotic concepts like '"Chinese
finger grips" to the simple and everyday nut and bolt. Four methods which were con-
sidered worthy of consideration were (1) ring clamps, (2) snap or overcenter clamps,
(3) differential threads, and (4) ball-and-socket joints.

Ring Clamps

Ring clamps were devised in an attempt to duplicate a flanged connection without
using a great number of bolts. Generally the ring clamp is made of two mating flanges
with tapered outer surfaces. A split hoop whose inside surfaces are tapered at the same
angle as the flanges is fitted over the mating flanges. Small projections with bolt holes
are provided where the two halves of the hoop are mated. Generally only two bolts are
used. When these bolts are tightened a clamping force normal to the tapered faces is
imposed. The axial component of the clamping force is the only force available for
sealing and preloading. A typical ring clamp is shown in Figure 19a. This type of
clamp is used extensively for many commercial applications and has been used in mis-
sile systems. Three major considerations ruled out this type of flange for an improved

fitting.

(1) It is difficult to attain the required preload and it is also difficult to
control initial preload within the limits necessary for the proposed
service conditions.

(2) The weight of a fitting of this type would far exceed that of standard-
type flanges for high-pressure applications.

(3) It is exceedingly difficult to secure this type of joint when the tubing

is misaligned.
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FIGURE 19, FITTING-TO-FITTING DESIGNS CONSIDERED
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Snap Clamps

Snap clamps, or overcenter clamps, like those in Figure 19b, would be placed
circumferentially around the tube and would act like a circle of bolts, However, unlike
bolts, snap clamps once closed cannot be further tightened unless a take-up screw is
provided, Such a clamp would be complex in construction and would be less reliable
than a simple bolt-and-nut arrangement, Snap clamps cannot compensate for misalign-
ment, cannot be readily preloaded, and are subject to early fatigue failure due to working

of the parts,

Differential Threads

The coupling shown in Figure 19c is a typical application of a differential thread,
Because the threads on parts A and B have a different pitch, each will travel a different
linear distance relative to coupling C as the coupling is rotated, An arrangement of this
type can produce high preload forces but it is difficult to assemble, it is heavy, and it is

susceptible to thread seizure,

Ball and Socket

A ball-and-socket-type joint (Figure 19d) is probably the most widely accepted
means of joining two misaligned tubes. Because this type of joint can be made rugged,
a design which can operate reliably is possible, However, in order to accommodate
the seal in any angular position within the range of misalignment specified, it is probable
that the seal would have to be placed at the ball-and-socket interface, Probably the best
approach would be to machine a seal-retaining cavity in the ball and to make the socket
sufficiently large that it could overlap the seal in any given position, A joint of this type
is necessarily large and heavy because of the oversized socket and the oversized nut,
This type of joint should not be used unless it is absolutely essential that the fitting com-
pensate for misalignment. Although initial misalignment can be overcome with the ball-
and-socket joint, bending moments due to vibration will still exist during operation,
This type of joint is more likely to fail due to these bending moments,

Threaded and Bolted Flange Connections

Threaded and bolted flange connections have been used so universally that too often
they are taken for granted, Many times when structural failures occur in threaded or
bolted fittings it is concluded too rapidly that the failure can be ascribed to the method
of connection, Rather, the failure is more probably the result of "insufficient" design;
i, e,, the fitting was not designed to take full advantage of the interacting physical
phenomena inherent in the design, Battelle's choice of threaded and bolted flange con-
nections as the best means at present of securing the fitting-to-fitting connection is

based on the following:

(1) Preloading of the connection, which is considered essential for
successful operation of the system, is easily attained,

(2) The effects of transient thermal gradients can be overcome by
judicious choice of the spring constants Ry and Rg™ in conjunction
with the preload phenomena,

*See pages 35 through 39,
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(3) Although assembly of the connection requires care, the technique is
definitely within the capabilities of the average mechanic and the
completed joint can be easily reassembled many times.

(4) In terms of load capability, the connection is probably lighter than
other comparable designs.

(5) The reliability of threaded and bolted connections has been demon-
strated conclusively.

It is recognized that such considerations as a torque relaxation and preload control
by means of torque-wrench readings are two disadvantages inherent in these connections,
especially with threaded fittings. However, because of the vast amount of experimental
work already accomplished in these areas it is possible to adequately overcome the ambi-
guity these factors introduce into the design process.

Proposed Threaded-Fitting Design

The general procedure for designing a threaded fitting consists of the following

steps:

(1) Establish design values based on service requirements
(2) Establish the location and magnitude of sealing loads

(3) Determine structural loads

(4) Design a fitting structure which satisfies the requirements of (1), (2),
and (3).

The interrelationship of the decisions in each of the steps results in a relatively
specific detailed design procedure for each type of fitting. This report section describes
the design procedure and the design concept which Battelle developed for a unique pro-
posed threaded-fitting configuration. The 1/2-inch experimental fitting evaluated during
Phase II will be used to illustrate the discussion.

Design Values Based on Service Requirements

Some service requirements for threaded fittings are established by the fluid and
vehicle systems, while others are estimated by the fitting designer. The following im-
portant design values, based on service requirements, are discussed in detail in previ-

ous sections of this report and on page 68.
(1) Tube diameter, material, and wall thickness
{2) Maximum and minimum operating pressure

(3) Maximum and minimum operating temperature

(4) Material compatibility requirements
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(5) Required service life

(6) External loads

A seventh design requirement is the permissible leakage rate which varies with
fluid density, fluid pressure, and mission life. Generally permissible leakage is des-
ignated simply as ''zero leakage' which is not really an acceptable value for design
purposes. As indicated in Table 7 a specific leakage rate of 7 x 10~7 atm cc/sec Hg is

designated.

During a discussion with the project monitor at the end of the Phase I, a 1/2-inch,
Class II threaded fitting was selected as a representative fitting for experimental verifi-

cation of the design procedures developed during Phase I.

Because the lowest tempera-

ture readily attained in the laboratory was -320 F (the boiling point of liquid nitrogen),
the experimental fitting was designed for this low-temperature limit. Design values for
the 1/2-inch experimental fitting, based on Class II service (see p 19), are given in

Table 7.

TABLE 7. DESIGN VALUES BASED ON SERVICE REQUIREMENTS
FOR 1/2-INCH EXPERIMENTAL FITTING

Tube Diameter, OD

Tube Material (Class II Specifications)

Tube Wall Thickness (Equation 3)

Alternate Tube Material(a)

Alternate Tube Wall Thickness(a)

Operating Pressure (Class II Specifications)
Proof Pressure (1-1/2 times operating pressure)

Operating Temperature (Modified Class II Specifications)

Fitting Material (Class II Specifications)
Material Compatibility

Service Life (Estimated)

External Loads — Limited by Tubing Strength
Permissible Leak Rate for Helium

0.500 inch

René 41

0. 0075 inch

18-8 annealed stainless steel
0. 035 inch

0 to 2000 psi

3000 psi

-320to 600 F

René 41

See p 13

10,000 hours

See pp 26-29

7 x 10°7 atm cc/sec

(3) An alternate tube material and size were selected on the basis of MIL-F-18280A because of the current problems of obtaining

René 41 tubing.

For convenience, the design properties of René 41 are given in Table 8.

TABLE 8. DESIGN PROPERTIES OF RENé 41

Thermal
Yield Modulus of Coefficient of
Temperature, Stress, Elasticity Expansion,
F 1000 psi 107 psi in, /in, /F
-425 190 3.2 7.5 x 106
70 155 3.1 7.5 % 1076
600 150 2.9 7.5 x 10-6
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Sealing Load

The seal imposes two loads on the structural elements of the fitting. A detailed
discussion of the seal, its development, and its sealing action is presented in a later sec-
tion, '"Seal Design". The more significant one is the radial sealing load. As shown in
Figure 20, this load is applied along the circumferential interfaces between the seal and
the two stub ends. The magnitude of this load is approximately 900 lb/linear inch.

The second load is that axial load required to assemble the seal. Experimentally
this was determined to be approximately 1200 1b.

Structural-Load Dete rmiﬁation .

The structural load, Fg, which a fitting must carry is equal to the sum of the pres-
sure end load and the axial load equivalent of the bending load. The methods for calcu-
lating these loads are given by Equations (1) and (12), respectively, in the "Design
Parameters'' section.

For the experimental fitting, the pressure end load, Fp, was calculated using an
internal pressure of 2000 psi and an effective seal diameter of 0.820 in. Fg was found
to be 1584 lb. To calculate the equivalent axial load, Fp, it was necessary to select a
maximum tube bending stress, Sg. This was made two-thirds the yield stress of
René 41, or 100,000 psi. Fpg was found to be 1178 1b. Thus, Fg was Fg + Fg, or

2762 1b.
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